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SUMMARY 


A flight test investication was undertaken at the James Forrestal 
Research Center, Princeton University, in the spring of 1961 to in- 
vestigate parameters affecting pilot opinion of airplane lateral-directional 
flying qualities. In particular, it was desired to study the ratio of the 
rolling velocity oscillatory envelope amplitude to the "steady state” 
rolling velocity with an aileron step input imposed upon the system. In 


order to alter the value of this parameter C was varied. 


Nda 

A high performance fighter type aircraft at Mach 1.2 and 35,000 feet 
was Simulated with Princeton's three axis variable stability North American 
Navion aircraft. The flight simulation was performed over a range of 6/8 
from two to five and dutch roll damping, €, from .06 to .13. 

Three naval aviators and one civilian pilot were selected from the 
student body in the Aeronautical Engineering Department of the graduate 
school to be evaluation pilots for the experiments. Particular attention 
has been given to the comments of the pilots in an effort to correlate the 
dynamic responses of the airplane with the opinions of the individual 
Sentrolling it. 

The results of this investigation indicate that the above parameter can 
be correlated with pilot opinion in predicting handling qualities, when 
optimum conditions of o/s sul E exist. 

In addition, the size of the Bpp oscillations was found to be an in- 
portant factor affecting pilot opinion of the lateral-directional handling 


qualities of the aircraft. 





ACKIJOWLEDGEMEN TS 


The authors wish to acknowledge the invaluable assistance 
rendered this project by Professor Edward Seckel of the P:inceton 
Meaversity Aeronautical Engineering faculty. In addition, gratitude 
memexpressed to Mr. Enoch Durbin, Mr. Theodor Dukes, and Mr. Gerardus 
bern Of the Flight Mechanics Laboratory for their suggestions and 
recommendations concerning the autopilot equipment. 

The able assistance of Mr. Barry Nixon, Mr. Richard Whitley, 

Mr. Robert Trauger, Mr. William Szabelski, and Mr. William Bowen in 
meattying the equipment Co meet the requirements of this report gs 


eepreciated. 


12 





SYMBOLS 


SYMBOLS AND DEFINITIONS 


a 


a(=) 

sideslip angle 

oscillatory envelope amplitude at time zero 

aileron deflection; the sum of right and left ailerons 
rudder deflection 

rudder deflection due to lateral stick displacement 
lateral-directional characteristic equation 

damping of the oscillatory (dutch roll) mode 

roll angle in radians 

roll rate, radians/second 


yaw rate, radians/second 


je 
pSV 
m 
pdb 
partial derivative of side force coefficient 
itt coefficient 
partial derivative of rolling moment coefficient with respect 
to sideslip angle, 8B 


partial derivative of rolling moment coefficient with respect 


rb 
to ay 
partial derivative of rolling moment coefficient with respect 


to re 


cv 


a i La 








SYMBOLS AND DEFINITIONS (continued) 


ie o 
a 2 
ky 2 
Jo a) 
Ky feedback gain factor 
Dimensional Derivatives 
Cy Ch 
Ly 22 a reyes 
2d 57 Neg Jz, om 
Clr 1 
br 2d," Yy Be “Vp 
; Cg . HCY 
B === 6r 
Jx S Jz qe 
HOLS 
- =. 
Loa ce Cy, Us 
- LC go> 
or J me 
x 
np 
Np 
eJ,° 
Cn 
Ny. = 
oJ ot 
; a 
Ng = 
Jz t 
DEFINITIONS 


Double primed derivatives imply aircraft derivatives being simulated 


by the Navion. 
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SYMBOLS AND DEFINITIONS (continued) 

DEFINITIONS 

The subscript F following a Roman Numeral such as IIIp identifies this 
point as being a point on the ai plane where a flight evaluation was 
eonducted. 

A ratio potentiometer is a pot controlling the gain of a servo drun 
position feedback sipnal. 

\eain potentiometer is a pot controlling the gain of a feedback signal 
feem a transducer or a signal from one of the electrical flight controls. 


Proverse yaw is yaw into the direction of turn. 





SECTION I 
DYTRODUCTION 

The lateral-directional flying qualities criteria imposed by the 
military services, (Reference 1) are suspected of being incomplete in 
fmear application to high altitude, high performance manned aircraft. 
There have been examples in the past of aircraft that were within the 
feeeren, Specifications but, nevertheless, fell short of the dynamic 
qualities that were considered optimum by the pilots who have flown 
them. Oftentimes in these cases complex and expensive automatic equi- 
pment has been installed to modify these undesirable tendencies. This 
meyine qualities investigation has been motivated by the apparent ex- 
meperice Of deficiencies in the present criteria. 

inere Havem@ecmmiumerous) studies performed in order to pinvd@o wed 
Suspected parameter which might adequately describe good or bad handling 
qualities in the lateral-directional mode. It is recognized that it would 
beecepecially userul to find some parameter which, along with others, 
would 21d in the prediction of undesirable flying qualities. 

Presentiy, nowever, accumulated flight test data is insufficient to 
permit quantitative evaluations of likely parameters which may be influential 
im this area. This work is intended, therefore, to supplement and expand 
existing handling qualities data through examination of a specific parameter 


not flight tested heretofore. 





SECTION IT 
EQUIPMENT 

A North American NAvion airplane equipped for variable stability 
was used in the flight portion of this investigation. The variable 
stability was achieved by means of a modified autopilot. Signals 
from sensing transducers were introduced into the autopilot which 
deflected the control surfaces in proportion to the measured input. 
in this manner the system was capable of varying the airplane derivatives. 
An analog computer was used to assist in the theoretical calculations. 

A. Analog Computer and Recorder 

A Goodyear Aircraft Corporation Model L3 linear electronic diff- 
erential analyzer (Reference 2) was used for the analog analysis of this 
investigation. The computer responses were recorded on a Sanborn Model 150 
four channel recorder. The computer and recorder are illustrated in 
Figure 16. 

B. Test Airplane 

The NAvion (Figure 1) is an all metal, low wing airplane with retract- 
able tricycle landing gear. A Continental Model E-185 air cooled engine 
drives a Hartzell variable pitch propeller and is rated at 185 HP for 2300 
rpm maximum continuous power at sea level, or 205 HP at 2600 rpm for one 
minute at take-off. The control surfaces are of conventional design. The 
frise type ailerons have a streamlined static balance at the outboard lower 
section of each aileron. Fixed trim tabs are installed on the rudder and 
right aileron whereas the elevator trim tabs are adjustable from the cockpit. 
The conventional dual wheel control was removed from the right side and an. 
electric control stick was installed as shown in Figure 3. Electric rudder 
pedals installed in front of the normal control pedals on the right side were 


not utilized in this investigation. The control surfaces could be actuated 


on 





by either the conventional controls on the left side of the cockpit or when 
the autopilot was engaged, by the electric controls on the right side. The 
operation of the electric controls is described with the autopilot equipment. 
The airplane specifications are listed in Table I. 

C. Autopilot 

The installation of the variable stability autopilot was performed at 
Princeton University in 1959-1960 and is described in detail in References 3 
and 4, 

This autopilot is capable of altering the stability of the NAvion in pitch, 
roll and yaw and does so through three a.c. summing channels. Figures 5 
through 7 describe the summing channels. Into the pitch, roll and yaw 
channels are fed signals from appropriate transducers, electrical controls, 
and the trimming system. The difference between the servo drum rotation in 
each channel and the summation of the input voltages is amplified and causes 
the servo drum to rotate eit position the aircraft control system. 

A block diagram of the system showing the gain potentiometers in the 
yaw and roll channels is included as Figure 8. The quantities can be 
electrically fed into each channel are: 

(1) Roll channel 

a. roll rate 

be. yaw rate 

Ce bane le 

d. 9% angle 

e. aileron stick motion 
(2) Yaw channel 

a. roll rate 


be yaw rate 


Gc. 6eangiec 





(2) Yaw channel 
d. lateral stick deflection 
e. rudder pedal motion 

The electrical controls are located in the right seat of the NAvion 
and the standard manual controls in the left seat. The gain potentiometer 
board is situated in an accessible region between the two seats (Figure }). 

A terminal board provides flexibility in handling the electrical connections 
for the autopilot and is movwmted over the gyros and amplifiers in the equi- 
pment compartment aft of the right seat. It is accessible for maintenance, 
feedback quantity sign changing, and general trouble shooting. The servo 
motors themselves are mounted aft of the gyros and amplifiers and are attached 
to the fuselage frame. Figure 9 illustrates the arrangement of the servo 
motors and the cabling tie-ins from the motors to the aircraft control system. 

During the course of this investigation the position of the tie-ins of 
the aileron servo cables was changed to that shown in Figure 9 from a previous 
configuration shown in Reference 4. This change corrected a part of the play 
that had previously been present in the ailerons. 

No feedbacks were utilized in the longitudinal, pitch, channel. The 
simulation in this study was limited to the Laegal ~di ree lone mode. 
Reference 4 describes the longitudinal channel and its capabilities. Elevator 
control through the electric stick was the only utilization made of the pitch 
channel servo. This provided the evaluation pilot with longitudinal attitude 
control. 

A number of safety features have been installed in the autopilot systen. 
An electronic cutout will automatically disengage the autopilot should a 


large error signal appear at the amplifier input. This prevents inadvertent 





hard over signals and the possibility of exceeding the g tolerances of 

the airplane. In addition to this, servo clutches were set so that the safety 
pilot in the left seat was at any time able to override the servo motors in 

the event that he was unable to disengage the system. Two disengage buttons, 
one On the electric stick and one to the left of the safety pilot were provided. 
in addition to these features limit switches were utilized which kept the con- 
trol motions within selected travel limits consistent with safety and the 
simulation desired. 

The electric control stick had installed within it a spring centering 
device and fluid dashpots to provide feel for the evaluation pilot. These 
devices were considered to be inadequate and recommendations covering 
Suggested changes are made later in this report. A small break out force 
was apparent and was considered objectionable by two of the evaluation pilots. 
An electrical dead zone of approximately one quarter inch existed at the 
epick center position and was considered mildly undesirable by most of the 
Sve uatlOn pilots who flew the aircraft. This control is pictured in Figure 3: 

D. Special Flight Instrumentation 

SFIM Recorder 

A SFIM recorder, type A20 was utilized in this study to record one quantity, 
roll rate. This equipment has its own rate gyro and ratiometer and is inde- 
pendent of the aircraft system except for its 24 volt DC power supply. The 
SFIM gave a trace on film of the roll rate against time and was used to com- 
pare the anticipated results from analog studies with the actual aircraft 
response. 

Sideslip Vane 

A Giannini model 2516 sideslip vane is located on the left wingtip 

approximately four feet ahead of the leading edge. In this position it is 


relatively clear of the local flow fields. The effect of the yawing velocity 
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due to vane offset from the c.g. was computed and considered in Appendix D. 
The vane has two potentiometers within it which allows this quantity to be 
fed into both the yaw and roll channels. The mounting for this vane has been 
stiffened to prevent vibrations induced by the aircraft motions from affecting 
the B feedback. However, in those aircraft motions which resulted in large 
yawing oscillations some high frequency vibration of the entire sideslip 
mounting was in evidence which is thought to have been a minor factor in re- 
ducing the simulation reliability. 

An angle of attack vane was mounted on the same structure as the sideslip 
Vene but was not used in this lateral study. Figure 2 shows the sideslip vane. 

Rate Gyros 

Minneapolis Honeywell model JG 7OO3A-11 rate gyros are installed in this 
autopilot. They receive power from a 400 cycle, 115 volt, avpepiies inverter 
installed in the equipment compartment. 

The specifications of the autopilot and special instrumentation are 


enumerated in detail in References 3 and 4. 





SECTION IIT 
DISCUSSION 

A. Theoretical Analysis 

The development of a criterion by which the lateral-directional mode 
of the aircraft may be evaluated has become, with the advent of the high 
performance aircraft, an important area of investigation. The specific 
area of study embodied in this report is that of investigating the roll 
response due to aileron deflection of a high performance aircraft at high 
Mach number and altitude. Rudder pedal inputs were not utilized in this 
analysis< The flight regime under investigation is of obvious importance 
to the fighter aircraft attempting to track and fire upon a fast, evasive 
target. 

It is felt that the pilot underteking the roll menewWers required=im 
this task would desire a roll rate proportional to his aileron deflection 
and a response as free as possible from time lags and transient oscillations. 
It would be useful then to have a parameter or several parameters which would 
be a measure of the departure of the roll response from the ideal, and in 
addition which could correctly and easily reflect pilot opinion in terms of 
physical quantities which can be measured by examination of roll rate time 
histories. 

If the airplane designer could then interpret the chosen parameters in 
terms of stability derivatives it is conceivable that he could, in the air- 
craft design phases, build into it qualities which would ensure optimum 
dynamic performance and thereby alleviate any need for future modifications 
which are inevitably costly in time and dollars. 

It is the purpose of this report to flight test a specific parameter 


which has the aforementioned advantages of simplicity, and which is easily 
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seen on the lateral-directional time history traces, and furthermore, appears 
to have a direct physical bearing on the motion that the pilot feels as the 
rolling mode of the aircraft proceeds. This parameter is defined as the 
magnitude of the oscillatory envelope of the rolling velocity at time zero 
divided by the essentially "steady state" roll rate with a step input imposed 
on the system. This so called "steady state" component may build or decay 
with a long time constant depending upon whether the spiral mode is unstable 
Memovaple. The parameter will be referred to henceforth as K3/Ky throughout 
Ghis report. 


Pictured here is a representation of the parameter under discussion: 


Roll rate due to step input 





p=kK,e a oe +Kie cos (ut + n) 
The linear lateral-directional equations of motion with an aileron input 


obtained from Reference 5 and used in this study are: 


(Cy, - 2a)B - 2dy + Cyzo = 0 
Cer Ce ry 

UC B+ —s— dy + (== d = J,d°)o = - wCg., ba 
Ogee Cn 

Hoy Pt oom Jzd)dy + = de = bn, Ca. 





Products of inertia were nezlected in this study. For the class of 


fighter considered Reference 6 indicates I,, 106 of I, and 14 of I,. In 


addition to the above the X; plane was considered a plane of symmetry. 

Approximate derivatives for a fighter airplane at M = l.e and at 
35,000 feet altitude were taken from NASA reports and utilized as a starting 
meee, trom which they were varied in order to achieve a range of = from .3 to 
10 and a range of Cpr from .1to .3. This was considered to be & bregemiarce 
Of these parameters within which pilot opinion studies were to be conducted 
in Princeton University's variable stability North American NAvion airplane. 

im order TO achieve this variation in > and C it was initially decided 
meeyary the following derivatives in the characteristic equation: Cn,y, CLs, 
Cn, and Cn3- Root loci were drawn with these derivatives as variables, 
Mamarily to detect their effect on dutch roll damping and the roots of the 
Beeracteristic Equation. Figures 10 through 13 depict these root loci. 

Cny was shown to be the determining factor in the variation of (p> whereas 
the other derivatives that were varied had but a small effect on dutch roll 
Meer. In Order CoO detect the effect on ; of the four variable deriva 2] 
a combined analog and analytical approach was utilized. Cée and Cn were 
determined to be the derivatives which most influenced 5. High CLe (negative) 
and low Cn3 resulted in high *. This can readily be shown by analog treatment 
and is also apparent when viewing this combination of derivatives from the 
standpoint of what physically happens to an airplane subjected to a small 
disturbance. Appendix A details the analytical approach to this examination. 

Ficure 14 shows a plot of ten points on a plane of 3 VS. C. Bach point 
represents a specific set of stability derivatives and a resulting characteristic 


equation. The stability derivatives corresponding to each point are listed 
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The roll time constant for each point examinea was approximately .25 
seconds and the spiral mode time constant ranged from a very larse value in 
jhe unstable regime to a stable spiral time constant of 7.2 seconds. 

It should be noted that values of the various derivatives used to est- 
ablish points I through X on the = plane may not be in every case attainaple 
mecne basic design of a fighter aircraft. However, with the aid of artificial 
damping the large Cn,'s, for example, could be achieved. None of the values 
Mmmeerivatives listed in Table Ii concerning points I through X are thouzsht 
meme unrealistic. 

This spectrum of points when examined in the analog study gave a broad 
Seemior €xamination Of the rolling velocity traces and their varigviaoneds 
the proposed parameter, K3/Ky> was varied. 

finpoOrder CO vary K3/Ky the yawing moment due to aileron displacement, 
Cn;,, was varied through both positive and negative values with a selected 
ptue of Cie, of + .O4. This value was representative of the class airplane 
being studied at M = 1.2 and 35,000 feet, (Reference 6). 

Values of Cn., in adverse yaw were varied from zero to - .0343 and in 
proverse yaw from zero to + .03. Exceptions were made to these limits on 
the analog in cases where values of adverse Cn,, up to - .0343 did not pro- 
duce a detectable change in K3/K, - However, - .0343 represents a large value 
Moecetation to the C#.. being used as indicated in Reference 6, where a member 
of the class fighter being examined is shown with a iaximum Cn , being only 
50p of CL... 

Some values of the parameter, K3/K; were computed both analytically 
and by the analog computer. The computer study was particularly adaptable 
for examining K3/K) as Cn, was varied. An interesting point was seen as 


D 
these numerical values were found. It appears that for the lcw 3 ranzes 
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(Delow ./)) Cus, must be two to three times CZ... in order to give any dis- 
cernible maznitude to the parameter K3/K,. TMniis findint would indicate that 
ordinarily with low " aircraft TUegeemieelve anal suiiicient atverse yaw due 
foeaileron displacement would be present at any time to cause a problem area 
meerceavle to the pilot insofar as roll rate transient oscillations were con- 
meenea. However, from available data, it appears that the aircraft under 
Me estaeration, the high performance fighter, is in a 5 ranze sreater Chanson. 
Mummery Lis range adverse yaw due to aileron deflection has a marked efifece 
mmmeone Size Ol the suesested parameter. As the adverse yaw increased in value, 
Geet rate reversal was noted in several cases. This was relatively easily 
achieved with small values of adverse yaw in the higher 5 region; above uriIve. 
Perc ner treatrient of this subject will be siven in the ensuine Gdiseucsian 
Soverins the analozt computer study. 

in view Of the possibility in some current aircraft of having amie wea. 
meervioned quite near the vertical tail, it becomes of practical interest 
to think not only in terms of adverse yaw, but in addition to consider proverse 
feeeeunal 1S, yaw into the turn. Pressure fields may be created in thewimiceenc 
mentioned where the aircraft will be yawed with the turn. For this reason 
the analytical and flight studies were extended beyond adverse yaw to include 


mroyerse yaw, and the parameter, K3/Ky, was found to experience lit@ie 


variation as Cnceqa increased from zero to positive values. This feature is 


i-l) 


Stearly pointed out in the analog. study. It is obvious that the magnitude co 
the transient oscillations increases in proverse as well as in adverse yaw. 
However, coincident with this is an increase in the value of the roll rate 
mecelt, wiich in turn prevents any appreciable increase in K3/Ky tarougiga 
range of proverse Cnoa. Figure 16 shows a plot of the values of K3/K, for 
botn adverse and proverse yaw at each stability derivative conri-uration 


Pete .-examined . 
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An exact simulation of the study described, heretofore, would ‘have veen 
desirable on the NAvion aircraft, however, due to equipment limitations it 
Was nOv possible to simulate exactly the specific aE points | throusns aie 
were examined theoretically and by analog. A further investigation was con- 
Meoed Of the compromises that would have to be made in order to achieve the 
Meerred pilot opinion study in the NAvion. 

The variable stability equipment in the NAvion is not capable of varyinz 
Seemmeerms in the side force equation, that is, Ce and Cys" The side force 
Semecon terms of points I through X were therefore not able to be Sia 
meme NAVion exactly. In order to determine the effect on dynamicyrespone] 
See naving to accept the CY. and. Cy of the NAvion an analoz study was run and 
meewas determined that the only term of the two which had 4 Signii@anceei 
in changing the dynamic response was the C; term. The principal effect of 
Operating at the C,; of the NAvion, .5, instead of that of the hizh performance 
peecrarc was to reduce the dutch roll damping. 

An analog computer study, Figure 19, is included in the report which 
feeecures the roll response anticipated in the NAvion as it performedaia. 
simulation. The derivative values used in this analoz study, as will be 
mentioned in detail under the analog section of the report, were precisely 
the same as those used to examine points I through X described previously 
except that the C; of the NAvion, .5, was used rather than the C; of .1l 
mereetypical of the high performance fighter. 

B. Analog Computer Study 

Procedures 

The analog computer study was performed to expand the results of the 


theoretical investigation. Having determined the derivative values for the 








desired 5 and CDR points, Table II, it was next necessery to obtain the ratios 
of K3/Ky as Cns, varied over the desired range of proverse and adverse aileron 
yaw (+ .03 to - .0343) as established by the limits of the gain in the test 
airplane's variable stability system. 

The linearized non-dimensional equations of motion were determined as 
described in Appendix B. These equations were set up on the GEDA computer 
(Figures 16 and 17) and recordings of the roll rate and sideslip transient 
responses for various values of Cn.q at each point were plotted by the 
Sanborn Recorder. Recorder scales were selected to give large amplitudes in 
order to observe the oscillation characteristics. The time scale was set at 
10 mm per second in order to obtain accurate measurements of the period and 
time to damp to half amplitude. In addition, the large amplitude and moderately 
high speed Provided optimum conditions to extrapolate the observed response to 
Obtain the values of K and K, at time zero. The previously calculated damping 


ratios were verified from the analog data by the expression: 
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elt 
where W = Pp 


The pp values could also be readily obtained using Figure A4 of Reference 7. 
iiesanaltoe recordings for the ten points of the theoretical investigationmeare 
presented in Figure 18. In order to apply the results of the theoretical in- 
vestigation to the NAvion variable stability system, it was necessary to con- 
Sider the lift coefficient of the NAvion (C7, = 0.5) rather than the previously 
established lift coefficient (Cr = 0.1) for the high performance airplane. 
Therefore, an analog computer study for the flight test evaluation was performed 


using the same derivatives as in the initial investigation except that the Cy, 


ae 











in the sideforce equation was set equal to 0.5. This change was accomplished 
by changing the R, resistance (Figure 17) from 1 MQ to 0.2 MQ which increased 
the gain of amplifier 4 by a factor of five. The points of the analog study 

corresponding to the flight test evaluation are labeled with a subscript "F" 

i.e., POINT IlIp, etc., as described in Table IIl. 

Analysis of Computer Study 

The results of the analog computer study are illustrated in Figures 18 
and 19. Figure 18 describes the roll-rate and sideslip responses of the theo- 
retical study high performance airplane (Cj, = 0.1) and Figure 19 describes the 
responses corresponding to the flight test evaluation (C; = 0.5). In comparing 
the two sets of data it is noted that the primary difference appears to be in the 
reduced damping ratio (Cop) for the'higher C; responses. That is, instead of 
damping ratios of approximately 0.1 and 0.3, the increased Cy, resulted in corre- 
sponding damping ratios of approximately 0.06 and 0.13. If one considers a 
plot of the dutch roll stability boundary in the uCng, yCé, plane (Reference 5), 
the effect of increased C; is to move the oscillatory boundary to the left and 
reduce the stability, CDR? as is herein observed. 

Certain characteristics are common to the responses of all ten points in 
the theoretical investigation (Figure 18). As Cn. varies from the proverse 
condition (+ Cn.) to the adverse condition (- Cnsg,), the "steady state" roll 
rete, Ki» seccPSee In flight this decrease would have the effectsGra ea. 
the control sensitivity and maximum roll rate. For Cn., = 0, the "steady state" 
roll rate due to a 10 degree aileron step input is relatively constant at between 
60 and 70 degrees per second for all ten points. It is also noted that the 
magnitudes of both the roll-rate and the sideslip oscillations increase as 
Cn-, increases in both proverse and adverse yaw. It is this characteristic 


which indicates that the pilot opinion of lateral flying qualities might be 


14. 


fermmetion Of the ratio of the amplitude of the dutch roli oscillation to the 
"steady state’ roll-rate. The amplitude of the roll-rate oscillations is a 


function of = ,» the greatest amplitudes occurring at the highest ¢? points and 


p 


}/ 
mmost nO apparent roll oscillations occurring at the lowest - poten This 


p 
Bmeractveristic is true for both the proverse and the adverse yaw conditions. 
= 
p 


memeause roli reversal. It is noted that the amplitude of the sidesiip 


fmetne high — adverse yaw conditions the roll-rate amplitude is great enough 
@eeditations, though decreasing slightly with decreasing a are clearly present 
ee the lowest 3 points. 
be Plight Test Bvaluation 
meoimulation rrocedures 
In order to perform a simulation of the proposed high performance aircraft 
in the NAvion the equations of motion were dimensionalized as described in 
Appendix C, resulting in the following equations in real time: 
Wy. s)a- +f) °> 9 
Lap yee ee (Lis - s<)¢ = (= ees 


NeB + (N, - s), + Nps = - Nita 


The derivatives of the lJAvion were obtained from Reference 3. With these 

dimensionalized derivatives (Table IV), and the computed dimensionalized 
derivatives of the airplane being simulated, it was possible, using procedures 

established in Reference 3, to determine the feedback gains necessary to give 
the NAvion the dynamic characteristics of the simulated airplane. The gains 
computed were then controlled at the potentiometer panel in the NAvion. 

An example of the procudure used to calculate the gain constants required 
to simulate the high performance airplane is described by the following pair 
of simultaneous equations where the double primed values represent the 


quantities being simulated and the unprimed quantities, the basic NAvion;: 


a5 
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Lg" = bs + Ky Ly + Kg lng 
rr tt TT ry 
lip" = M3 4k, N+ Kg My 


The gain constants Ky, and Ko become: 


(is a= Lp) Nig - (N3"- i.) Hie 








K i tr 5 
h iL 2 Ii fa a. ot sy 
(Ne = Tl) Lop = Cle = Be) ey 
Ke = L + i - ii r ee 


frOor tne definins equations concerned are listed in Vabie 7 alien, 
Wath definitions of the various <ain constants. 

perolified equations for the gain constants are listed in@agies ee 

After determining the values of the gain constants for the simulation 
meerred, the aircrart system was calibrated in order to determire whetuner 
these gains could be attained. 

it is pointed out here that the provision for roll angle feedback into 
The roll channel was not used in this study. However, all the other feedbacks 
shown in Fizure 8 and listed previously were utilized. 

Rate gyros were calibrated on a specially constructed table which rotated 
memeeconurollable rate. For various rates of turn of the calibration table 
ma@eetaLe pyros, electrically connected with the aircraft system, pave a dis- 
feereement tO the control surfaces which was measured by protractor for a 
Meme] Of gain potentiometer settings. 

tae sidesilip vane calibrations were conducted by moving the vane ytiroih 
Bemopeciiied angle measured by a protractor and then measuring the control 
Beraace deflections at different gain potentiometer settinzs. 

Prom the above procedures, calibration curves of degrees rudder perwde ec 
Sideslip vane, degrees aileron per degree per second >, etc. were plotted aztainst 
potentiometer face plate settings. These calibration curves are shown in 


Figures 20 through 26. 








There exist limitations inherent in the autopilot design on the values 
of feedback gain attainable. It was discovered that through adjustment of 
emplitier gains to the highest permissible values, increase of potentiometer 
Gemoaees, and reduction of ratio potentiometer settings, that the sought aiter 
feelation could be realized. The best ranze of simulation lay between = of 
maproeximately two and five. The reduction in ratio pot settings necessary To 
achieve high gains resulted in large peck sizes and increased time lags in the 
BucOpilot servos. Some loss in reliability was recognized as accompanying the 
@eenced ratio pot settings. 

It was not possible without extensive changes in the autopilot circuitry 
morachieve a realistic simulation in the very low a region due to large un- 
attainable values of Ky gain (rudder deflection per degree 8). This hich Ky, 


was necessary due to the high uw and CM, conditions being simulated. 


P 


pome divergent oscillations in yaw were encountered when trying to fliehe 


Geen the very low Eenyeas that were not anticipated from analog study and were 


p 
probably due to lags in the autopilot. 


fm the high . range, above 8, the high CL. combined with high uw resulted 
| 


in unattainable values of Ko (aileron deflection per degree 8). The single 
Meevor that is most responsible for both of these problems is the high uw valve 
Which enters into the dimensionalized derivatives in such a way as to render 


memes reedback values for low 3 and high x difficult to attain. 


It is pointed out here that the very low : 


made impractical by the fact that insufficient adverse yaw was available 


Simulation, below ./, was alse 


through the autopilot, that is, degrees rudder per inch of lateral stick de- 
flection to appreciably effect the parameter beine investigated, K3/K)- It 
was pointed out previously that extremely large values of adverse yaw were 


required at low zt bovemany erfrect Of the Size or K3/K, - 


ne 








In addition to the problem areas mentioned above another difficulty which 
arose was the necessity of using some very small gain values which resulted in 
very small gain pot face settings. Vernier type potentiometers would have in- 
creased the repeatibility of results. With sufficient care in calibration, 
however, and subsequent careful setting of potentiometers prior to actual testing 
it was felt that this problem was handled with a minimum loss of reliability. 

The other major problem spot in trying to achieve good simulation occurs 
in the area of cable stretch and pulley bending. The aileron cable stretch 
problem was partially solved by routing the aileron servo cables as shown in 
Figure 9 in order to relieve system slack. This change was discussed in the 
equipment section. The rudder control cables appear to be free from excessive 
yield that could influence flight results, however there is still a small 
meewmG Of Play in the aileron. Mounting the servo potentiometer im Giewws 
where it would measure actual aileron travel would be a solution to this problem. 

No feedbacks were employed in the longitudinal system. The elevator gain 
potentiometer was adjusted to a value which gave a comfortable longitudinal 
response to the evaluation pilots. The longitudinal characteristics were sati- 
Sfactory throughout the testing. 

Despite the difficulties mentioned heretofore the simulation achieved on 
the flights in the mid range, two to five, is felt to have been reacen aa, 
well attained. Results of SFIM recorder roll rate traces of flight points 
Iii,, IVp, Vp and VI, indicated agreement with computer predicted results in 
iois area. 

2. Flight Procedures 

Method of Test 

The principal objective of the flight test evaluation was to determine 


whether or not the parameter K3/Ky could be used to measure pilot opinion of 


dis), 








the lateral-directional flying qualities of a high performance airplane. 

Various points defined by their ratio of dutch roll 5 and Cpr were investigated 
over a range of + Cn;,. A secondary purpose was to observe other parameters 
which might also measure these flying qualities. Because the flight investi- 
gation was primarily concerned with the airplane's response to aileron deflection, 
the evaluation pilot had no rudder control. Rudder positions were established 

by the variable feedback system only. 

The flight tests were performed in a cruise configuration (Reference 1) 
at a density altitude of 6500 feet and a true airspeed of 120 mph. With these 
conditions and an average gross weight of approximately 2750 pounds, the NAvion 
lift coefficient was calculated to be 0.5. All tests were initiated from a 
meeady, level flight condition. 

In order to measure the lateral-directional flying qualities of the air- 
plane as an operational vehicle, it was decided that two types of maneuvers 
should be investigated; (1) the shallow turn associated with instrument or 
navigation flying, (2) the steep turn associated with the tracking of an 
Pwasive target. 

For the shallow turn maneuver, the evaluation pilot was instructed to roll 
the airplane to a 10° to 20° bank angle, to perform a steady turn Of gen © 
meprees, and to return to level flight. The quality of the maneuver was 
Measured by the ease and comfort and the precision with which the pilot could 
perform the maneuver. These items were measured by: (1) the initial roll 
response to control stick displacement, (2) the smoothness of the roll-rate, 
(3) the ability of the pilot to stop at his desired bank angle, (4) the 
ability to hold a steady shallow bank, (5) the’pilot's ability to return to 


and maintain steady level flight. 


19. 





WiessvaluavioOn pilot was then instructed to perform a rapid roll to 





between 30° and oe. to track the horizon for a turn of approximately 45°, 
mmo return rapidly to steady level flight. ‘The pilot's opinion of the lateral- 
Mrec tional response for an abrupt steep turn was determined essentially by 
the same items as for the shallow turn except that particular attention was 
@iven to observing the ability to maintain a steady rate of turn around the 
Meerezon. ihis corresponded to the quality of the airplane in tracking a Target. 

mo insure that each test condition would be eraded on its Own mea 
meeecompared with preceding runs, the test conditions were selected at random 
and were occasionally repeated to check the consistency of the pi lop 
meine. Because of the amount of electrical rework required to change from 
adverse yaw simulation to the proverse simulation, all tests in the former 
meee ron were perrormed prior to the evaluation of the latter. 

The evaluation pilot was asked to qualify each of his opinion grades. 
Mis comments were recorded by the check pilot on an evaluation sheet. Hach 
of the four evaluation pilots flew all of the 32 adverse and proverse yaw test 
eonditions described by the analog study of Figure 19. 

Two flights of approximately one hour duration per flight were performed 
by each pilot. It is of interest to note that mildly turbulent weather had a 
memeed Cifect in lowering the pilots’ opinions of the flight test runs® 

Pilot Opinion 

Pilot opinions of the lateral flying qualities were obtained by four 
experienced pilots, one a civilian and three naval aviators. A description 
Of pilot experience is shown in Table VII. 

In order to establish a somewhat standard ratinz scale, References 9 
through 12 were reviewed and a composite opinion scale (Table VIII) was 


established keeping in mind that the principal responses being evaluated 


a0. 








_ereeronmleai. yaw. In zenéral, the evaluation pilot would @ive the 
Meneuverman adjective grade of good, satisfactory, unsatisfact“ry, or unflyable 
rolls and minus desienations where appropriate. These adjective grades 
Mememracer COnverted to the numerical system for convenience of plotting. 

The rating of "“sood" inferred that the airplane responded well with, at 
mae most, Only mildly unpleasant characteristics which would not adversely 
effect its primary mission as a target tracking vehicle. "Satisfactory" implied 
that the airplane had moderately unpleasant characteristics but a fair chance 
Of accomplishing its mission and therefore was marginally acceptable. 
SUnsatisfactory’ indicated that the airplane was flyable but difficult to 
Menale because of poorly damped oscillatory motions or extremely hich control 
sensitivity. ‘Unflyable" meant that the airplane became uncontrollable. 

3. Analysis of Flight Test Results 

[ie sresutcs Of the flizht test evaluation are presented in Figurecme sg 
@irouch 31. Figure 27 is a plot of K3/Ky vs Cn , for the high performance 
airplane of the theoretical investigation and Fi;;ure 2c is a corresponding 
Plot of K3/Ky for the flight test eveliation. The variable Cn. for thewaams 
flight test points (IIIp _ Vip) is plotted against pilot opinion in Figure 29. 
Figure 30 correlates the data from Figures 28 and 29 to obtain a plot of 
K3/Ky vs Pilot Opinion. Inasmuch as one of the objections was the excessive 
Peeecitiation, Pilot Opinion vs 8 is described in Ficure 31. 

A preliminary flight investigation in the adverse aileron yaw condition 

y) 


was Conducted for the ten points witn dutch roll = ranging from approximately 


pB 
meeco 0.3 and ~ of approximately .00 and .13. It was determined that for 


> << 
5 = 8 and for 2 = 0.7 that the flying qualities were unsatisfactory due to 
excessive lateral directional oscillations. Therefore the flight evaluation 
ny 
Was concentrated on points SLE: through VIp where — = 5 and 2. From a7 
we, 


data it was observed that supersonic fighter airplanes do operate in this range. 


peal 











ia order to analyze the pilot opinion systematically, tne ten »voints 
will finst be evaluated individually. Following this, the overall evaluation 
_ will be summarized with a view toward establishing the relationship between 
Bato, Opinion of the lateral flying qualities and a parameter which the pilov 
senses and that will measure his opinion over a reasonable ranse of > and 


© conditions. 


ome) ley) e0= 70.15. (C= +06) 
- and 
Pointemig.o/ 899.5, €.5 418) 


Eoints Ls and Il, were tested in the preliminary flight investigation 
and considered to be "unsatisfactory" primarily due to high arplitude, weakly 
damped combined rolling and yawing (dutch roll) oscillations which were easily 
excited by small lateral control stick motions. As the aileron adverse yaw 
=e ora) was increased, roll-rate oscillations became more objectionable anc 
lowered the pilot's opinion of the flying qualities. Tne increased damping 
oe = 0.13) for Point II; decreasea the magnitude of the combined roiling 

and yawing oscillations. However, the flying qualities were still 
unsatisfactory" and decreased with increasing aileron adverse yaw again 
Meeause Of the increased magnitude of the roll-rate oscillations. 

These high 6/8 flight conditions required that 5 degrees of aileron be 
meeriged by the autopilot servo for eacn one degree of sideslip. Wiis 
relatively large aileron angle requirement is difficult to achieve rapidly 
With the servo system used in this investigation. The time lag apparently 


reduced the already low ¢ R programmed into the simulation and caused the 


D 
tow damping of the dutch roll oscillations in flight. 


Pome Ol the pilots besan to feel ili within five minutes of flyijaeeee. 


feeeeseoedich magnitude and weak damping of the dutch roll oscillations, 








Point IIIp(o/p =.5.3, 6 4 .06) 


Point III; with its lower 9/6 furnished slightly improved flying qualities 
over the higher ¢/8 points and pilot opinion ranged from "unsatisfactory-plus" 
at Cns, = 0 to "unsatisfactory-minus" at high + Cn... 

For Cnija = 0 the pilots objected to the mederats magnitude and low damping 
of the combined rolling and yawing (dutch roll) oscillations which were easily 
meeived even by small lateral stick displacements. 


was increased, the dutch roll oscillation 


As aileron adverse yaw ( - Cn.) 


remained of moderate magnitude but the roll rate oscillations made it difficult 
to maintain a steady bank angle and thereby lowered the pilot's opinion of the 
Mivines qualities. Some of the pilots felt that the increased aileron adverse 
yew had a damping effect on the dutch-roll oscillations and thereby tended to 
improve the flying qualities. This feeling of improved damping mizht come 
from the reduced magnitude of the "steady state" response and resulting de- 
crease in control stick sensitivity with increases in - Cns, as may be observed 
in Figure 19 (Point III,). This phenomena is also discussed in References 11 
and 13 regarding the effects of pilot induced oscillations which occur with low 
CDR: 

As aileron proverse yaw ( + Cn.q) was increased, the magnitude of the 
combined rolling and yawing oscillations increased and the denote appeared 
morcecrease. The latter effect might be attributed to the decreased damping 
associated with the servo system lags where servo responses of high magnitude 
are required. This deficiency has been previously described in Points Ip and 
lip. No objections were made to roll-rate oscillations in the Point III, 
PEeevetoe yaw investigation. The lack of any objections might be expected 
because of two conditions. First, the combined rolling and yawing oscillations 


were of such a magnitude as to almost mask any roll-rate variations. Second, 


oe 





from Figure 19 (Point IIIp) and from Figure 28, it is observed taat the ratio 
of the magnitude of the roll-rate oscillation to "steady state" input increases 


peowly fOr increases in proverse yaw. 
Point IVp(/B = 5.6, € = 0.13) 


The increase in damping gave Point IV, a rating of “satisfactory-plus" 
at Cn.,= 0, "satisfactory" at low + Cn_,, and "unsatisfactory" for hish 
+ Cn. with pilot opinion of the lateral flying qualities decreasing more 
rapidly in the proverse than in the adverse condition. 

For Cns, = 0 the pilots noted a slight low frequency yawing oscillation 
which was excited by lateral stick movements. This yawinz condition was only 
mildly objectionable. 

As aileron adverse yaw was applied, a combined rolling and yawing (dutch 
roll) oscillation and a variation in roll-rate appeared in response to lateral 
stick displacements. For high, aileron adverse yaw (Cn., = - .0343) the con- 
bined rolling and yawing (dutch roll) oscillations and the uneven roll-rate 
with roll reversal tendencies (airplane tendency to reverse in direction of 
roll) appeared to have equal weights in lowering the pilot opinion to 
Sunsatisfactory." 

woen the aileron proverse yaw was increased the pilots objJectedyyon, 
noticeable increase in control stick sensitivity. That is, the "steady state’ 
roll rate per unit of stick displacement was increased. This effect can be 
observed in Figure 19 (Point IV.) No attempt was made in the calculations 
to maintain a constant "steady state" roll rate. As in the aileron adverse 


yaw condition, any lateral stick motion excited a combined rolling and yawins 


Oscillation which increased in magnitude with increases in aileron proverse 


eS 
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yew. AC Cn. = + pom the control stick sensitivity and the coM#bined rolling 
ema yowime Oscillations excited by stick movements appeared to have equal 


weights in'causing the pilot opinion to become “unsatisfactory.” 
, e a 
Point V(o/8 = 1.9, ¢ = -0) 


This point was rated "unsatisfactory" primarily because of yawins 
@eeeetaciOns which were neutrally damped except at hich aileron proverse 
meewoere the yawing oscillations were divergent. 

At Cn. = Q any lateral stick movements excited yawing oscillations of 
moderate macnitude and neutral damping. 

As aileron adverse yaw ( - Cn_,) was increased, it appeared to some pilots 
that the magnitude of the yawing oscillations was reduced, thereby tending to 
mmprove the flying qualities. The apparent improvement in pilot opinion miznt 
have resulted from reduced lateral stick sensitivity as observed by the reduced 
"steady state" roll rate in Figure 1). At Cns, = - .0343 the magnitude of 
mieeroll-rate oscillations became the predominant factor in lowering pilov 
Opinion. 

For increases in aileron proverse yaw ( + Cn;,,) the yawing oscillations 
increased in magnitude and at Cns, = + .03, the yawing oscillations became 


' 


divergent. The pilots commented that the initial roll response was "good" 


but that the resulting yawing oscillation was "unsatisfactory." 
Poiibevin ¢/B = a0, € = .13) 


The pilot opinions for this point were the highest of the points investi- 


gated. Except at high + Cnz,, the ratings were "satisfactory" or better. 


oe 











At CnU,g = 0 the only adverse comments referred to the deficiencies in 
the construction of the electric control stick. These consisted of a 1/4 
inch dead-zone at the stick center position, a small but apparently excessive 
break-out force for initial lateral stick displacements, and a very small 
@emerol force gradient. The control stick was a package unit and because of 
meme limitations, it was decided not to attempt to alter the deficiencies. 

The evaluation pilots were advised of the control stick problems and requested 
tO attempt to disregard same in forming their flying quality opinions. 

As aileron adverse yaw was increased, roll-rate oscillations became more 
noticeable until at Cn , = - .0343 the roll-rate was so unsteady that the 
flying quality was considered "unsatisfactory." 

For increases in aileron proverse yaw, the pilots noted an increased 
Seick sensitivity, a light yawing oscillation, and a rolling oscillation which 
the pilot himself appeared to have a destabilizing effect on. It is felt that 
the last phenomena may be the result of the first wherein it would be difficult 
mo make a small exact bank angle change with a highly sensitive control suacm 
The tendency would be to over-shoot the desired bank anele. Then any applied 
Control stick corrections combined with the human pilot's inherent reaction 


Meetencould have destabilizing effects on the rolling motions of the alrcraic. 


Points VII, - Xp(o/B = -3 and .7, Sy 4 .06 and .13) 


iiese points were investigated in the preliminary flight evaluation and 
all resulted in divergent yawing oscillations as soon as any aircraft dis- 


Peeemee OCCUurred. Increasing the from 0.6 to .13 increased the time of 


SDR 
oscillation build-up and thereby tended to improve the flying qualities, but 
the divergence remained and the conditions were still "unflyable." Had the 


pilot or servo limit automatic cutouts not been present, the forces might 


2G; 








have damaged the aircraft structure. In view of the fact that the sideslip 
feedback to the rudder was 3°ur per 1°98, the rudder servo was required to make 
teree Oscillatory movements of the rudder surface in half cycles of one second 
duration (Period = 2 seconds). This is apparently more than can be expected 
Of the present installation and the lag of the servo system was great enough 
to cause instability even with a programmed dutch roll dampirg ratio of 0.13. 

Because of the relatively long period of the yawing oscillations, approxi- 
mately 2 seconds, the pilots felt that some control might have been maintained 
mieetchey had been able to use the rudder pedals. As previously stated, it was 
mone intention of this investigation to evaluate the airplane response to aileron 
displacement only and to prevent the pilot from affecting the motion through 
ee use Of rudders. 

summary Of Flight Analysis 

Point Vip with o/B + 2 and Cor 2 +23 was rated "sood", the highest pilot 
opinion rating given for the points investigated. Point IVp with 0/B = 5 
and np + -13 was considered to be the next best point, but combined rolling 
and yawing Oscillations and control stick sensitivity prevented more than a 
Seeatastactbory rating. Point TII,, with weakly damped rolling and yawing 
oscillations was considered to be better than Point Vp primarily because of the 
pilot's strong objection to yawing oscillations which were predominant in the 
latter point. Points I, and IIp were "unsatisfactory" because of the weakly 
damped combined rolling and anne oscillations, and Points VIIp through Xp 
were "unflyable" with divergent yawing oscillations. 

in the present investigation the pilot opinion was highest for o/8 = en 
in similar tests described in Reference 9 where the data is given in terms 


of ¢Nw and 1/C} Ja, the highest pilot opinion corresponded to a %/8 range of 


Ailes 


approximately 2.5 to 4.5. In Reference 11 the pilots show a preference for 

o/B between 2.5 and 3.5 and low pilot opinion for /B > 5 with Cop 2 cl This 
indicates that there may be a small range of /B values for which high per- 
formance aircraft will have ovtiin Ieee flying qualities. It is of interest 
to note that Reference 9 concluded that the maximum tolerable o/B = 7.5 and 
that Reference 11 shows that for Cpp = -4, pilot opinions have an adjective 
rating of "good" for ¢/B as high as 7. 

It is apparent that there is a minimum value of dutch roll damping required 
for acceptable lateral oscillatory characteristics of high performance fighter 
airplanes. The results of this investigation show the minimum Cpp to be 
approximately 0.1 for oscillatory o/B values in the range of 2 to 5. It is 
noted that the Military Specifications, Reference 1, require increased dutch 
roll damping (1/C /2) for higher values of ¢/ve. A requirement for this in- 
crease in CDR may be observed in Figure 30 where the pilot opinion of Point IVp 
is lower than that for Point VIp;. Both points have the same €pp = -13, but 
Point IVp has the higher 7/8 = 5. 

In the aileron proverse yaw investigations one of the principal pilot 
objections was in regard to increased controlstick sensitivity. This increased 
sensitivity is considered to be partially caused by the higher "steady state" 
roll rate associated with proverse yaw. However, it is considered probable 
that the control stick deficiencies including a large stick center dead-zone 
and a large break-out force followed by a low force gradient per stick dis- 
placement, also contributed to the apparent control sensitivity. 

Curves of K3/K, versus pilot opinion are plotted in Figure 30 for the 
various flight test values of ¢/B and €), The crossing of the various curves 


would indicate that K3/Ky is not a valid general parameter for measuring lateral 


eo. 





flying qualities. It appears to be extremely dependent upon 9/8 and COR’ 
The flight investigation encompassed a region of unsatisfactory to marginally 
acceptable dutch roll damping in which only one point was rated as having "good" 
flying qualities. It was in the flight evaluation of this "good" point that 
fie pilots principal objection was the magnitude of the roll rate oscillation. 
Therefore, it seems that the K3/Ky parameter might be valid for measuring 
meaveral flying qualities, providing there is sufficient CDR to eliminate che 
impe OL OSCillations which predominate for the region of 6/B concerned: 

Because the pilots objected in many instances, especially in theme, 0/8 
maivesvigation, to the yawing oscillations, curves of the dutch roll 6B vs 
fou Opinion were plotted in Figure 31. The magnitude of the B oscidlacions 
was measured from the analog computer recordings in Figure 19. It is interesting 
to note that the curves do not cross but are relatively parallel to one another. 
meeeecurves Of Figure 31 indicate that the pilot opinion when plotted azaings 
Por is more dependent upon CoR than upon 0/3. tne Bor parameter was observed 


meeene pilots and influenced their opinions of the lateral flying qualities: 
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CONCLUSIONS 


Although the lack of abundance of data collected and the inherent 


Memtrol system deficiencies in this investigation render the results to be 


somewhat qualitative, it is concluded that: 

1. The K3/K, parameter influences pilot opinion of lateral 
Meatities, especially when the dutch roll damping is adequate to 
m@ne more objectionable combined rolling and yawinz oscillations. 

2. The magnitude of the B oscillation is a parameter which 
Seet Opinion of lateral flying qualities. 

Mmemelic greavesy sincle factor which improves pilot opinion 
lateral flying qualities is an increase in (pp. 

4, The minimum Cpp for a high performance fighter airplane 
approximately O.1l. 


pe filovs prefer a minimum of aileron yaw. 


suppress 


influences 


On 


is 


6. When the "steady state" roll rate is permitted to vary with changes 


in Cn_,, pilot opinion favors the aileron adverse yaw over the proverse 


fondition. 
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RECOMMENDATIONS 


meee eanoe Of the difficulty emeountered in separating the de- 
Meeecncies in tne airplane's lateral responses from the deficiencies 
memeeie COmurol system, it is strongly recommended that: 
peeeene electric control stick be altered to provide a4 sreaver 
merce —ragiene. per inch Of Sticamedeplacemernrr . 
eerie Drean-o7, LOrce and tne stick cenver dead-7Zom see 
reduced. 
c. ‘he autopilot system be examined with a view toward in- 
@reacima ene Capability of achieving high feedback @aamms 
Gey consideration be given to positioning the aileron SermeG 
potentiometers at the ailerons. 
2. it is further recommenued that investigation be continued into 
fae parameters K3/Ky and 6B in the region of 9/B = 2 to 5 and “pr Po ee 


Mmeener Llizht study concentrated in this area should prove useful in 


fmxing the values of K3/Ky end 3 aoe Ine gue res Craveria.. 
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TABLE I 
SPECIFICATIONS FOR THE NAVION AIRPLANE 
ie Continental E-185 Power Plant 
Maximum continuous power = 185 HP at 2300 rpm 
Take-off power = 205 HP at 2600 rpm 
Herezetl! controllable pitch propeller 


fe Fuselage 


Length over-all rae GAY 245 OIE 
Maximum width Tetsu - 
Maximum depth LoMOe tbe 
Fineness ratio 6.2 

mit. Wing 
Total area lei oe 
Span Beso tt. 
Aspect Ratio 6.05 
Taper Ratio 0254 
Dihedral Angle ‘PO eden. 
Root Chord ( -20Gr . 
Mean Aerodynamic Chord 63.35 in. 


ineitdence Angie 


Root 2.0 deg. 

Tip - 1.0 deg. 
Sweepback of Leading Edge Sa0eder. 
Twist 


Geometric 3.0 dec. 


TABLE I (continued) 
Pearitoil Section 
Root NACA 4415R 
Hehe, NACA 6410R 


Iles, 40 der., Plain 


iy, Aileron 
Area 2.16 ft.° 
opan 61.99 ime. 
Deflection 30 des. ps 20 Ges. ae 
eentrol Wheel Throw 
Aerodynamic Balance Frise-type nose 
Static Balance streamlined Weight 
iaine ay Fixed Bend Tab 
Ratio of Aileron Chord to 0.254 
Wing Chord 


fee Horizontal Tail 


Total Area eos eas 
Span di wee We ae 
Aspect Ratio 4.02 

MAC 3 3 pee 
PernOlaesect ions, 2oot & Tip NACA OOl2 
imieracnce uecle - 3.0 deg. 


wi.) Blevator 


Total Area 14.10 f%.° 
Span Fae Sis paler 
Deflection 30 Geen; 20 dec. dwg 


Deflection Trim Tabs 
(32 in. span, 4-1/2 in. Chord) + 30 deg. 


Root Chord Ao wee gees 


Milo Gralehere! cls Ones 








oe Vertical Mea 
Area, 
span 
Airfoil Section 
Root 
Jisiye) 
Incidence Anzle 
VIET. Rudder 
Area 
DetTLec tion 
Trim Tab 
Reale 
IX. Miscellaneous 
Wed shit 
Basic 
Fuel (40 gal.) 
Pilots (2 with parach:tes) 
Gross weight 
Center of Gravity Position 


Tail Length 


TABLE I (continued) 


12.93 ft.° 


EOS item 


NACA 0013.2 Modified 
NACA 0012-64 Modified 


e de@. nose left 


6.05 ft .° 
Mp sdes, ime og decaaae 


Fixed bend tab 


3 deg. Right 


cie2) jee 
2t-Omigse 
4110 lbs. 

2 (Ais. 
29.5 MAC 


NGeee ie 





TABLET 
LATERAL EQUATION DERIVATIVES FOR POINTS 


EXAMINED ON THE 5 ¢ PLANE 


POINTS EXAMINED BY ANALOG MEANS ONLY 





Ber Cyn Ch, Ch CgK CO, Chg 
I 1 -.3 +04 a 70 .025 .2 -0.5 -0.16 
Gs | | | | a0 (=Oer: 
Orr : : -0.6 -0.13 
IV | : | | : -1.65) 2oule 
V | : | | -@.6 -0.06 
VI | | : : -1.8  -0.05 
VII | : | i -0.5 -0.02 
VIII : , : : -1.8 -0.02 
IX : ! | | | -0.5 -0.01 
i | | J 8  2080n 

POINTS EXAMINED BY ANALOG AID FLIGHT EVALUATION 
| 
fe 8600.5 | 3 | ONG 0.2 
Vp : io One 
VF | | -0.6 -0.06 
| | 


, 4 | 8-0 


Vip 


aD 


ou 


Cn 


+O 


+O. 


+O. 


+0. 


+O. 


+O, 


+0 


+O, 


+O 


+O. 


+O. 


+O 


apie 


ane: 
13 
15 
18 
13 


ed © 


he 


iy 


18 





TABLE III 
IDENTIFICATION OF EVAIWATION POINTS ON 
THE 5 $ PLANE 


POINTS EXAMINED BY ANALOG MBANS ONLY 


POINT >/B COR 
a 8.10 oes 
ia 9.52 O52 

III Seve 0.116 
IV 5 62 0.328 
V 1.90 0.12 
VI 2.00 0,31 

VII 0.607 0.096 

anes 0.711 03 
IX 0.299 0.097 
X 0.316 65238 


POINTS EXAMINED BY ANALOG AND FLIGHT EVALUATION 


III, Bee . 0.06 
IVp Dee On13 
Ve 1.90 0.06 
Vip 2.00 O13 





NONDIMENSIONAL 
DERIVATIVES 


CL. 
Cle 
CLy 


Cnr 


CLar 


Cnr 


The nondimensional derivatives were dimensionalized 


h 


T 


It 


Cy 
{} 


6500 irc. OLA 
1.37 sec 


0.0218 


TABLE IV 


NUMERICAL VALUES FOR BASIC NAVION 


STABILITY DERIVATIVES 


VALUE 





-O 


+0 


~-O. 


+O. 


~-O. 


+0 


+0. 


+0, 


-O 


592 
117 
0554 
ele 
0932 
0034 
0918 
0758 
HDG 
115 
0116 


0691 


DIMENSIONAL 

DERIVATIVE VALUE 
Yv -0.216 
Lr #1.95 
LB =9 1G 
Lp -7.40 
Nr ~0.461 
Nda =Ocdere 
Np +4 51 
No sOeoe 
Lor +0.057 
Lea +20.50 
Lar +2 .05 
Wor ~3.Ge 


using the following values: 
= 120 MPH TAS 


(2 


0.0735 








om 
Lr" 
Lp" 


ioe, 


~ 1 


Lior 
Ne" 
Nr" 
Np" 
Noa 
Nor" 


‘eae 


I 


ul 


I 


deg rudder /deg B 


dec 


TABLE V 
DEFINING EQUATIONS FOR EQUIVALUIUT 
AND 
ARTIFICIAL STABIDMEeo. TVATIVES 
ie + Ky L + Ke Tes 


ve 


i + Ke L + Kot 7 


Li, + Ks L at Ko L - 


Ng + Ky, NU. + Kg Neg 


N + Ke Nee = Kio Noa 


Ne + Ko Tes 


Ky3 ie an Ke os 


Ki1 boa 


Maiq thes 


Ss 


deg rudder/deg/sec ¢ Kio = deg aileron/deg/sec ¢ 


or, 


deg rudder/inch stick Ky = deg aileron/inch stick 


deg aileron/des 2 


deg aileron/deg/sec > 


rudder/deg/sec y Ki] = deg aileron/deg o) 


TABLE VI 
e SOLUTIONS OF THE EIMULTAIMOUS TAUuATIONS 
FOR FEEDBACK GAIN CONSTANTS 
weet 6002415 L3" - 0.2774 ae 
pee t2s - .002415 Lp" - 0.2775 tp" 
emer — 002115 Lr = 0.2775 ir 
= 0.346 + 0.0490 L3" + 0.0278 Tp" 
= 0.373 + 0.0490 Lp” + 0.0278 Np" 


peo. 0ces + 0.0490 Lr" + 0.0278 iir’" 


in 
po ae FOG 


Ls 


: IN. 2 
Tae Tawa" + Soe 
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PILOT ExXVEnt biCk 





ens _ ~ So: e- 


Pest Organization Flight Jet Years 
Hours j Hours | Nivine 


USN ee) Q 7 





UsN ie | peo 6 


(*}) Graduate of USN Test Pilot School 








(**) 150 of 6800 hours i: in -lider aircraft 
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PILOT VPLNLION SCsaLEh 
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Adjective Numerical | Description 


Reo ting hating 


ee ea re ne ree rere nee Oe Oe ee ee ce KR 





1 | Excellent, optimum 
} 


Good ro : rapid response, confortable to 
fly 
| 


ee) 


{ 
Mildly urpleasant | 


“t Acce ;tebtle for one flirht con- | 


diticn, cut Good for anotier 




















| 
Sstisfactory ) accept:cle with unpleasant jon 
HCtbeEriet) cs 
(Acceptable) | 
S Mfficult to track or tome 
: hancs-orf | 
7 Weakly ‘iamped oscillations of | 
: moderats luusnitude 
Unsatisfactor 8 Unacceptarl: but flyable, re- 
quires constant pilot coatrol 
(Unacceptatle) 
9 Undanped oscillations tending 
tovarc “ivergence 
Pintianie Uncortrolable, divergent oscil- 


lations 
Peeent Conditions Investircsteca 
PeeiUriooa eh bark angles between 160 ena JO cercrers. 


2. Abrupt turne vitn bank angles betwren DH and 45 ceegrees. 











FIGURE | (Top) RESP AI RPEANE 


FIGURE 2 (bottom) VANE BOOM 
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FIGURE 3 (top) 


GAIN POTENTIOMETER PANEL 


FIGURE 4(bottom) 
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APPENDIX A 
CALCULATIONS IN THE THEORETICAL TIWESTIGATION 
ie noon loci 
In order to determine the effect of varying CLs, Cn ; Cn,. and Cnp upon 
mmesune characteristic equation four root loci were constructed. 
The lateral equations used, from Reference 5, and considering all products 
Sreinertia terms negligible: 


(Cyg - 24)8 - 2dy + Cy o = 0 


CL cL 

pl, B + = av + Pa - J,d°)o = - pCbyg ba 
Cnr Cnp 

HCng B Ha— - Jod)dy + xd =.- pCns, oa 


Typical values for quantities considering a high performance fighter at m 


oe, 000 ft. 
Cyg = =) 

om = 1 

Cla = -.1e 
Chr = +.04 
CLp = --4 
Cne = +.13 
Cny = -.25 
Cnp = -.O1 
= Te 


Tg = 11,000 slug ft.° 
Meee = .0254 

Tz, = 94,000 slug ft. 
dey = <2 

m= 375 ft 


om 3-1 


rie: 





The coefficients of the lateral characteristic equation: 


ast + BS? + cg + DS + E = 0 


A =#1 
B = - 1/2(Cy eye =D) 
B Je Jy 
i ee cL Cn 
a _ ? Ny B 

gE (yom Oty) EC SE +B + SE 

ot H p _ Cn 
D = 2y Jz ( Cng Cly - Chg Cnyp) - sp CyChg - ag ay {Cee Cn, - Cey Xp) 

UCT, ae 
E = iJ, J, 6%, Cn, - Ong Lr 


Solving for the quartic and holdingCé, as a variable to put the quartic in 
root locus form 


3" + 9.02583 + Be cyisw # (3665S - 210 C£a)s Or. 5 Cla - aBe 2: 


= lee” Sl) 
Mee(G = .005)(S @o.01) (8 + .51 4 9 6-77) Seo 


Root locus form with Cne, as variable: 


gt + 9.02582 + (8.47 + 350 Cn3)s* + (2800 Cng + 27.2)S + 10.5 - 14 Cng = 0 


(350cnB) (S + 8) (S - .005) - 
1={(s + .449) (S + 8.38) (8 + .098 ¢ j 1.72 a 


Root locus form with Cn, as variable: 


peer (0.4 = 2.5 Cn,)S? + (- 21Cn, + NG fae rel 200%2 “= 8Cn,.)S + 42 Cn, - 1.82 = 0 


fee Cry oe GeO (54.209 + 5 1.33) 


Suns = 00IGS) (arc.23)( S + 087s 4) 605))~CU 
Root locus form with Cny as the variable: 


st 4 9.02593 + (53.95 - 2Cnp)S* + (382.8 - 840.8 Cn,)s + 8.68 = 0 


(-2cnp) (S) (S + 420.4) 


P+ “(S+ .0%0) (8 + 5.15) (g + 420g j 0-03) at 














sole 


Using the information gainea from the above root loci the four variables 


were changed in an effort to locate ¢/B from .1 to 10 and ¢ from .1 to .3 as 


shown in Figure 1}. 


0/8 = 


Point I Figure 14. 


eu.= - .6 Cya = - -o Te, 
Cha = - .18 Ci a Jy = -0254 
Cny = - -Ol Clr = + .O4 i= 
Cng = .11 Chyn = - .4 


Oiaracteristie equation: 


st + 9.98° Mees + 350.6154 36.26 = 0 


Nemec. 30 5 + .105) ( S + 2716 + 3 6.39) = O 


c= fae 
Cnr Cy Cny Cy LCns 
a se = (55, + =P S os a 
Cnp Me 

Le ee — 2 Jz, 
Lo "Cn 
p 

J7CL 


De =-Cucen rose tS 


o78 = ill 
Point II Figure 14. 
Cn, = = 1 4 Cyg = - .8 u = TO 
Cya = - .18 cL = 1 Jy= .025k ° 
Cnp = - .Ol Cla tO p= tee 
Cng = + .1 Chp = - .4 


Waaraceceristic equation: 


3" -- 11.98° 


+ 67.6258" + 3298S + 86.8 = 0 
(S + 8.37) (S + .279) (S$ + 1.626 + 5 5.88) = 0 
C = .267 


o/B = 9.52 








Point III Firure 14. 


Come - .6 Cya == 8 L = 70 
Cnp = aint Cc, = 42 Jy = -0254 
Cnp = + -3 Chr = .O%4 iu = 
Cla = - .13 Clp = - .4 
Characteristic equation: 
st A 9.987 a 61.3282 + 396.18 + 25.48 =') 
(S + .065) (S + 8.24) (S$ + .798 + J 6.85) = 0 
oaks 

ise 55 
Point IV Fizure 14. 
Gu = - 1,3 Cys = - 8 ec, 
aes = 12 Care Jy: = ee 
Cng = + ie Cgp = .04 ee 
Cn, = - mou Chp = - .4 
Characteristic equation: 
Sy + 12.98° + 86 528° +7 40305) + (seq = 0 
fomeeeme (5 + 1.191) ( S + 2.25 + 5 6.49) = O 

Cane 2325 

tee = 5 a6 
Point V Figure 14. 
Cn, = - .6 Cyg = - .8 u = 70 
Capt = ae = ee J. =e 
a = - -06 Cop = -04 Jz = 2 
Cnp = - .O1 Chp = - on 


Characteristic equation: 
tt o 
Menocem (ores. 4 522.18 + 10.15 = 0 


Wont el2j0(S)+ .0194) (S + 861 + j 7-97) = 0 


eel 
Ye ls 





Point VI Figure ih. 





Cny = - 6 yg 2 8 u = 70 
Céa = - .05 Ce oe earn 
Cng = + .16 Chr = .O4 J = ee 
Cny = - -OJ Chp = - .4 
Miaracucristic equation: 
3 + 12.987 + 97.028" + 472.918 + 29.26 
(S + .0619) (S + 8.08) ( S + 2.379 +3 7.22) = 0 

Se cet 

vise 
Point VII Figure 14. 
wae =e 1.5 Cyg = - .8 Te Bee f60, 
ee =-- .02 a, Mama 5, = -025% 
Cnp = - .01 CL, = +04 dec 
Cn ee Chy = - on 


Characteristic equation 


he 


peeeoness> + 83.728- + 568.25 + .7 = 0 


(S + 8.03) (S + .0012) ( S +.81 + j 8.37) = 0 


Gre 095 
o/B = .007 
Point VIII Figure 14 
Ci aia Ses “Ya = - 8 u = 70 
Cng = + -18 Cr =. tT. = 0258 
Cnp = - .O1 Cor = .O4 jos ee 
Cha =~-02 est 


Exjeracverisiic equation: 
eee oe 1047025 + 522.65 + 10.08 = 0 
(S + .0193) (S + 8.05) (S + 2.416 + j 7.68) 


cpa. 
wy soet= ala! 








Point IX Figure 14 


Cny = - +5 Cyg = - Lb = 70 

Cla = - .O1 OF el: Jy = .0254 
Cnp = - .O1 Clr = .04 | Jz = 6254 .2 
Cng = + .2 ChLp = - «4 


Characteristic equation: 


st 49.6589 + 83.7S~ + 566.18- 1.05 = 0 


(S - .00185) (S + 8.02) (S + .816 + 3 8.37) = 0 


b= .097 
6/8 = .299 
Point X Figure 14 
Ca 1.0 Cyg = - 8 4 = 70 
Chg = - .O1 Ci ee ne Jx = .0254 
Cnp = - -O1 Cie =. 0% je eee 
Cn3 = Se ere = 4 


Characteristic equation: 
s+ 4 12.953 + 1118? + 576.518 + 3.5 = 0 
(S + .0061) (S + 8.02) (S + 2.437 + 3 8.12) 
oS eGelsis 
0/8 = .316 











APPENDIX B 
ANALOG COMPUTER ?OMPUTATIONS 

The objectives of the analog study were to verify and expand the results 
of the theoretical investigation, Appendix A (i.e., to observe the roll rate 
response to a step aileron input for various values of the airplane's sta- 
bility derivatives, namely Cha, Cny, Cng and Cringe ic 

The non-dimensional, linearized lateral perturbation equations of 
motion (Reference 5 ) are: 


(Cy. - 2a)B - 2dy + Cy® = 0 


LU C£ab + mE ay + (SP a - Jy ae = - uw Chr, Ca 
Cn Cn 
uu CngP + (= 4 - J, a“) + == a =- Cn, Sa 


These equations represent the sideforces, rolling moments and yawing moments, 
respectively. The d and ae terms are with respect to non-dimensional time, 
yt. The derivative subscripts p and r represent the non-dimensional helix 
angles pb/2V and rb/2V. The initial conditions for the equations of motion 
are Steady, wings-level horizontal flight. The excitation for thevanaic. 
computer evaluations was a unit step aileron input (<a). 

Except for the variable derivatives previously mentioned, all other 
derivative values are typical of a high performance airplane at Mach 1.2 


and 35,000 feet. Typical derivatives as obtained from NASA reporveserc: 


cy, = - 0.8 Chr = + 0.04 Cnr = - 0.25 
oie = + 0.1 Cnp = - 0.01 lp = = ee 
Che ae One Cn = + Oe18 CLEa= t 0.04 


Jx = 0.025 Jg = 0.2 U =e 








The equations of motion become: 


(- 0.6m 2d)p + (- 2a)¥ + 0.10 =0 


70 Clam (0.02d)y + (- 0.2d - 0.025a°)o = - 2.8 oa 
70 Cng Bt eas d - 0.2 d©)y + (0.005 a)o = - 70 Cng,ba 


An analog computer board was set up as described in Figure 16. The summing 
points in the three rows of amplifiers in Figure 17 are for the rolling 
moment, yawing moment, and sideforce equations, in order. The terms in the 
equations of motion represent current ( » amps ) flow into the summing 

points on the analog diagram. For example, the ¢ term in the rolling moment 
equation above is - 0.025 b” MW amps. The output of amplifier Tis aroi- 
trarily selected to be - 0.26 volts. Rey is arbitrarily selected to be 


5 megohms. The P) potentiometer setting is calculated as follows: 


(Ba) : - 0.26) volts . _ 9,025°3 
Rf )) megohms 


Py( - 0.2) 96 625 
: . 


Py 0.625 


i 


if P; is calculated to be greater than its limiting value of 1.0, Rry must 
Be chanced accordingly. 

To determine the 6a step inputs to the analog circuit, it was necessary 
to reduce the standard 200 volt computer input as follows: 

Let 5 volts or amps = 1 physical unit 

O13) Wece. in radians 
$, V in radians/airsec 
He2=. ba = (70) ( + .04) (5) = 1) » amps 

To reduce 200 volts to get 14 ww amps current, two potentiometers (P, and Pp, 
Figure 17) reduced the voltage to 14 volts, which was put across a l megohm 


resistance (Rg, Figure 17) to get the uCé,, ca input. 








T = E/R = 14 volts/1 megohm = 14 yp amps 


p Cny, va = (70) (Cng,) (5) = 350 Cngy 


Cne, (derivative) 350 Cn., ( Hamps) 
0 O 
teetG) Cut + 3.5 
oo) OO eae eae, 
+ 0.03 ne dO 8, 
+ 0.0343 + 12.0 


Potentiometers P, and Pp, Figure 17, reduced the 200 volt input to the 
desired voltage which was then put across a 1 megohm resistance to obtain 
the desired Cn , current values. The analog recordings for test points I 


through X of the theoretical investization are illustrated in Figure 18. 








APPENDIX C 


DIMENSIONAL EQUATIONS OF MOTION 


The airplane equations of motion were dimensionalized in the following 


manner to apply them to the autopilot: 
Airplane equations: 
(Cyg - 2a)B - 2d ¥ + Cre = 0 
uch, B + SEP ay 4 (“4p a- 5, a2)0 = - uCheg ba 
fs 


Cn Cn 
uCng B + (= - J,d) dv + — ad = - Cn. da 


0a 
Fucting Ghe equations in real time 


( EB S)B +h + TL = 0 














OT ot 
+ i ee ae ee 3 
i eon t : oom ‘ ) jeme 
_vCnB + Cny = 5 | + Cnp | 6 = = kCnsq 5a 
Jx 42 j ‘IEF M 2d gt Jz 1 
Kx 2 ie m m 
= a) Jee 2(—) rm 5a T = PSV, 
: a aol z 

es S)p - i o+ Te ie 

Ig B+L, ) + (Ip S- S*)o = - lug ba 

Nga B+(N,-S) ¥ +N, S@ = - Nig oa 


ca 


The defining equations for converting NAvion dimensional derivatives to 


derivatives of the aircraft being simulated by means of the autopilot are 


listed in Table V. 


APPENDIX D 


ae CORRECTION FOR 8 VANE LOCATION 


The sideslip vane location ahead of the center of gravity produces 
@ destabilizing effect on the rudder which is caused by the yaw rate r, 
acting on the 6B vane. It was considered desirable to determine the 
magnitude of this reduction in win Since the dutch roll appeared to be 


neutrally damped in the airplane when theoretically, without giving con- 


sideration of vane displacement from the c.g. positive damping was ex- 


pected. 
x = distance from c.gforward to B vane ~ i! 
y = distance from c.g. out the y axis fo The 8 vane. 


OB due to yawing velocity = = 


e 
aC, due to yawing velocity = Ons, oe 8 
rx 
‘ on or Cr aeex 
nr = rb = Cos, 38 rh = Csr cB Ob 
av By 


Flight Points v,, and Vi where low ¢€'s were observed are used to determine 


the ae reduction 2 
r 


For both III and IV. 4. = = .0691 (- 2.12) 8 = + .0734 
F F n,. 16 


ANr = ,O87h 








Nr 0874 


Point Vp Nr = 7 = 12% 
éNr 0874 lg 
Point VIF Wr =s7y, 7 


The values of Kg and K}9 must be changed in order to remove the effect from 
the aircraft. Point Vp is illustrated below as an example, for this is 
mere the highest value of Nr reduction has been found to prevail. 


Ko = - -124 - .002415 Li. - -2775 Ni. 
Ki9 = - -0828 + .O19 Le, + .0278 Ny 


The amount that N,. is reduced by yawing velocity is added to the value of 


Ny desired, in order that the yawing velocity effect be eliminated. 


Now K6 = + .098 Prior to Ke = + .O074 
this 
Kio = = 0864 eOrrect ion Kio = = 084 
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